Abstract: A Si-p-channel metal-oxide-semiconductor field-effect transistor (PMOSFET)-like LED has been developed for light emission modulation. In contrast to a two-terminal Si-diode LED modulated by current signal, a major advantage of this three-terminal Si-PMOSFET LED is that the optical intensity modulation can be controlled by gate voltage signal, a standard CMOSFET operation to ease both logic circuit implementation and light modulation. The gate applied voltage induces carrier concentration modulation at both channel and source/drain region under the gate, thus modulating electric-field distribution and its light emission. Fabricated in a standard CMOS process technology, this Si-PMOSFET LED ensures its potential on realizing silicon optoelectronic integration.
Introduction
Silicon is normally recognized as a poor light-emitting material due to its indirect band structure. The radiative recombination through the indirect band-to-band optical transition is slow as a result of a phonon-assisted process. The indirect radiative recombination is generally inefficient since most of the injected carriers recombine nonradiatively.
Nevertheless, silicon is the basis of the microelectronic industry, and several approaches, such as porous silicon [1] , [2] , silicon-silicon dioxide superlattice [3] , silicon nanoparticles in silicon dioxide [4] , erbium in silicon [5] - [7] , silicon/germanium [8] - [12] , and iron disilicide [13] , have been considered to enhance its poor light emission. However, these approaches are too complicated to be perfectly compatible with the standard CMOS process technology.
In contrast to these approaches, silicon diode LED can be realized in CMOS technology without any additional process. Fortunately, it is well known that an avalanching junction produces light [14] , [15] ; in particular, silicon p-n junctions operating in the avalanche or breakdown mode produce visible light. However, compared with the efficiency of GaAs-based LEDs [16] , [17] , silicon p-n junction diodes operating in the avalanche mode are quite inefficient. Due to the low emission efficiency, it is not a qualified light source compared with the III-V compound light-emitting source, but such power is sufficient for short-distance interconnection. A monolithic optocoupler is inherently lower in cost than a hybrid optocoupler, which employs a separate GaAs-based LED and a separate silicon detector. In contrast to electrical interconnection, optical interconnection has the following advantages: high bandwidth, low crosstalk, high density, mature process, low cost, etc. [18] . In contrast to traditionally hybrid integration [19] , [20] , all-silicon monolithic integration [21] (silicon light source and silicon photoreceiver) can be realized on a single silicon chip in CMOS technology if a Si-LED is the light source.
The light emission from reversely biased p-n junction with avalanche breakdown was first discovered by Newman [22] . Similar phenomenon was observed by Chynoweth and Mckay [23] . It is believed that this phenomenon is due to kinetic energy loss of impact ionization by hot carriers colliding with immobile atoms in the space-charge region. The lost energies will be released out by means of photons. Figielski and Torun, and Kamieniecki [24] , [25] defined that the mechanism of such photonic emission was Bremsstrahlung radiation. Such radiative phenomenon was also found in MOSFET working in saturation mode with avalanche breakdown occurring at the corner of Bsubstrate to drain[ junction [26] . Tam and Hu [27] had proven that the avalanche-breakdowninduced photonic emission occurring in NMOSFET and CMOS belongs to Bremsstrahlung radiation in theory by calculation. Some of these photons with high energy will be absorbed by silicon material to generate photoinduced current. Takeda et al. [28] , [29] demonstrated the existence of that current by finding the paradox between theory and measurement for the dependence of the correlation of gate current with substrate current on temperature. The photoinduced current also makes the carriers have a longer diffusion length and a longer life time [27] . Toriumi [30] also measured photon energy emitted from near the drain and investigated the relationship between hot-carrier effects and electron temperature. The energy distribution function of photon intensity is given by
which is similar to that of lucky electron model [31] , Maxwell-Boltzmann distribution, and ionization rates for electrons and holes in depletion region of silicon p-n junction [32] - [34] . The same result was also reported by Tao et al. [35] . During the last decade, a significant amount of research work on avalanche-breakdown-induced light emission was focused on the simple p-n junction Si-diode LED and on how to make the technology of processing the light source compatible with CMOS technology in order to realize optoelectronic integrated circuit (OEIC) [36] , [37] . An extraordinary disadvantage of the light source is that the doping concentrations of both p-type and n-type semiconductors have been determined already before this p-n junction is able to be used as a light source. The only way of modulating light emission intensity is to directly vary the voltage drop across the p-n junction. It is believed that the carrier concentration may effect the optical intensity [38] , [39] , but Kramer et al. [38] just used four p-n junction diodes (n þ p, p þ n, p þ n þ , and p À n À ) to discuss on this topic. In contrast to Si-diode LED, a new Si-PMOSFET LED by integrating the phenomenon of light emission observed in MOSFET with the application of Si-diode LED as optocoupler for OEICs was proposed. If adjustment of gate voltage Vg in a PMOSFET is able to control the concentration and change the type of carriers in the channel, then the modulation of optical emission intensity/power will be realized. The relationship between gate voltage and optical emission intensity of a NMOSFET in the saturation mode was discussed [40] . Reference [40] is still different from this paper as the new Si-PMOSFET LED operates working out of the field-effect transistor (FET) normal modes (e.g., off, triode, and saturation). BGate voltage Vg modulating optical intensity[ was studied by using one n þ p gate diode [41] working in the accumulation mode [42] .
Configuration and Fabrication of This Device
As shown in Fig. 1 , it was intended to provide a positive potential Vsub to substrate, connect both p þ diffusion regions to ground, and adjust gate voltage Vg. When Vg ¼ 0 V, Vsub cannot be higher than 45 V in order to induce p þ S/D to n-sub avalanche breakdown, i.e., no light emission from point A occurs. Then, Vg is increased to attract more electrons coming to the channel to produce an n þ accumulation layer. As the carrier concentration distribution of the layer is dominated by gate voltage Vg, it is expected that the optical intensity can be modulated by Vg. For the accumulation layer, it will have the maximum of electron concentration at the channel surface and the minimum, which is equal to the doping concentration of the substrate, at the bottom of the accumulation layer.
Thickness of the accumulation layer is just a few tens of nanometers. For MOS in the accumulation mode, it has been discussed in detail by solving Poisson equation [43] .
As presented in Fig. 2 , the light source is composed of five PMOSFETs being connected in parallel. As shown in Table 1 , the final product is manufactured in a simple p-well process technology, uses the 3-m design rules and the self-aligned contact, and is packaged in a ceramic packaging. For each MOSFET, gate width is 6 m and gate length is 175.5 m. The threshold voltage is À1.5 V to À2.0 V, the surface substrate concentration is of the order of 10 16 cm À3 , thickness of SiO 2 is 400Å to 500Å, and thickness of n þ poly-Si gate is around 4000Å. IEEE Photonics Journal Three-Terminal Silicon-PMOSFET-Like LED Essentially, a PMOSFET (in this measurement, Vsub 9 0, Vd ¼ Vs ¼ 0 V, and varying Vg) can be treated as two identical p þ n gate-controlled diodes connected symmetrically and in parallel. For a p þ n gate-controlled diode, its breakdown voltage ðBV Þ is inversely proportional to the gate voltage Vg, and so, current flowing through the p þ n junction will be modulated by varying Vg as the reverse bias applied to this p þ n junction is always at Vsub, which is a constant. As optical emission is closely dependent on current (i.e., the number of carriers per second), it is expected that Vg can modulate optical intensity very well. This essence, which is the core of this paper, will be discussed in detail by the experimental results in the following section.
Analysis of Experimental Results
In the electronic measurements, it has been shown that the avalanche breakdown voltage across the The designed device channel length of about 6 m in this paper is much larger than the sum of the depletion width for Bp+ source to n-sub[ and the depletion width for Bp þ drain to n-sub[ in order to prevent Bsource-to-drain punchthrough[ when Vsub ¼ 35 V, Vd ¼ Vs ¼ 0 V, and gate voltage is varied. The Si-LED device with the physical structure of PMOSFET essentially consists of two identical gate-controlled diodes [44] (Bp þ source/n-sub[ and Bp þ drain/n-sub[) symmetrically. For Vg G Vsub, channel layer is an inversion layer; for Vg ¼ Vsub, the depletion width for Bpþ S/D to channel[ approximately is equal to the depletion width for Bp þ S/D to n-sub[ as such inversion channel layer is replaced with n-substrate; and for Vg 9 Vsub, depletion width for Bp þ S/D to channel[ varies from the minimum on the surface of channel layer to the maximum that is equal to the depletion width for Bp þ S/D to n-sub.[ Furthermore, channel layer is an accumulation layer with the highest concentration at the surface and the lowest concentration approximately equal to the doping concentration of n-substrate at the bottom boundary where the interface between channel accumulation layer and n-substrate is [41] . From the discussions above, the maximal depletion width in channel is horizontally the sum of the depletion widths for two identical gate controlled diodes (i.e., Bp þ source to n-sub[ diode and Bp þ drain to n-sub[ diode, both diodes having the same reverse bias of 35 V), or about 2 Â 2.16 m with the doping concentrations of N a $ 10 20 cm À3 and N d $ 10 16 cm À3 . All the optical measurement is made by Ocean Optics USB2000þ miniature fiber optic spectrometer [45] , which can couple a low-cost high-performance 2048-element linear CCD-array detector with an optical bench. It adopts light energy transmitted through single-strand optical fiber and disperses it via a fixed grating across the linear CCD array detector, which is responsive from 200 nm to 1100 nm. In addition, the light will come from points A and B in Fig. 1 , where the maximal field of Bp þ S/D to n-sub[ junction is located. From the previous discussions, it has been known that the increase in gate voltage Vg will reduce the breakdown voltage BV of Bp þ S/D to n-sub.[ The breakdown mechanism at this junction corner is transiting from avalanche (relatively high BV ) to tunneling (relatively low BV ) in the whole process where Vg ranges from 30 V to 56 V as the current is increasing due to the decrease of BV . More specifically, BV of Bp þ S/D to n-sub[ will be low and the current (i.e., substrate current Isub shown in Figs. 3 and 4) flowing through the two p þ n gate diodes will commence at a small value of the reverse biased voltage (i.e., Vsub). In other words, the current Isub will be much higher, as presented in Fig. 3 , if a higher gate voltage Vg is applied to make BV reduction, for the reverse biased voltage across the two p þ n diodes is always kept at 35 V. Consequently, the breakdown accompanying photonic emission effectively has already taken place in the PMOSFET at Vg $ 30 V, even if Vsub is just 35 V, a reverse bias that is lower than the BV of Bp þ S/D to n-sub junction[ at Vg ¼ 0 V, BV $ 40 VÀ45 V as mentioned above. It should be kept in mind that the current Isub has a relative drastic increase at Vg $ 33.3 V, whereas the increase in Isub becomes slower again when Vg is over 40 V. The surface effect of FET on breakdown voltage BV should be an appropriate solution that can be adequately used to explain the I-V curve in the shape of the letter BZ,[ as presented in Fig. 3 .
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Three-Terminal Silicon-PMOSFET-Like LED It is very important to note that this PMOSFET LED can be treated as two identical p þ n gatecontrolled diodes in parallel under breakdown condition as the bias conditions are Vsub 9 0 and Vd ¼ Vs ¼ 0 V. According to the theory of gate controlled diode, the breakdown voltage (i.e., BV of Bn-sub to p þ S/D junction[) starts from a relatively high value at positive gate voltages, decreases as the gate voltage is made more positive, and approaches the plane rather than planar value of the breakdown voltage. The gate voltage that must be applied in order to approach the plane breakdown voltage values is approximately that required to bring about the formation of a fieldinduced junction over the substrate, i.e., the turn-on voltage [44] . In the case of this Si-PMOSFET LED, the high voltage extreme for BV saturation occurs at Vg $ 33.3 V (i.e., the turn-on voltage) and the low voltage extreme for BV saturation occurs at Vg $ 40 V. Moreover, Grove et al. [46] presents that a p þ n gate-controlled diode, which is one half of a PMOSFET, in fact, had been measured in [46] . As the gate potential Vg is decreased, the increase in BV becomes less rapid, and the characteristic tends toward saturation at a maximum BV [46] . This voltage is considerably higher than the BV of the corresponding planar diode without a gate BV planar and approaches the BV of the corresponding plane diode BV plane . In the other extreme, as the gate potential Vg is increasingly positive, the decrease in BV diminishes, and the BV tends toward saturation at a minimum value [46] . In the intermediate range between the two extremes, Vg is almost inversely proportional to BV with the following linearity: It has also been presented in Fig. 3 that, due to such BV saturation, the increase in current Isub with Vg in the range of 33.3 V 9 Vg and in the range of Vg 9 40 V is not that drastic and is becoming relatively slow, compared with the increase in current Isub observed in the intermediate range (i.e., from 33.3 V to 40 V) of Vg. Hopefully, more detailed numerical 2-D device simulation results will be presented to gain more in-depth understanding of the device operation such as the gate voltage threshold characteristic in substrate current increase and its dependence on substrate bias in a future paper.
No significant shift of spectrum in wavelength peaks was observed at different gate voltage Vg. The emitting wavelength range is very broad, from 450 nm to 850 nm, as shown in Fig. 5 . There are one extremely distinct peak at wavelength 600 nm, two distinct peaks at wavelengths 650 nm and 750 nm, and one secondary peak at 550 nm in the measured range 300 nm-900 nm. In addition, there are a number of subcrests.
As have been discussed in previous section, such light emission is due to avalanche breakdown generated carriers colliding with immobile charge centers in the depletion region. Essentially, in the microplasma (the p-n junction depletion region can be treated as gas microplasma, while the photon emission in avalanched p-n diode is approximately to be Bremsstrahlung radiation) or avalanche region itself, both hot holes and hot electrons are present up to the pair production threshold for holes (2.4 eV) and that for electrons (1.8 eV) due to high accelerating field. In [47] , it is explained as follows. The 650-nm peak may be related to the threshold for pair production during ionization of the Si host atoms with electrons (1.8 eV), whereas the 550-nm peak may be related to the pair production threshold with holes (2.4 eV). Furthermore, the peak of 550 nm may also reasonably relate to some correlation with phonon-assisted conduction-conduction-band transitions that was predicted by Bude et al. [48] . Both the distinguished peaks and the subsidiary peaks may of course also relate to other hot-carrier transitional and defect interaction effects at the heavily defectcontaining p þ S/D to n-sub interface. Therefore, it is reasonably important for us to pay special attention to these wavelength peaks (e.g., around 550 nm or around 650 nm) in the measurement. Fig. 3 being very similar to Fig. 6(a) in the style of the curves implies that the relationship between substrate current Isub and optical emission power (or light intensity) is nearly linear, as shown in Fig. 6(b) . Meanwhile, optical power saturation tends to take place when current Isub is over 55 mA. It is identical with the linearity between breakdown current (i.e., the current flowing through the avalanching p-n junction) and optical power discovered in a Si-diode LED, as reported by Huang et al. [36] . Such linearity shows the strong dependence of the phenomenon of photonic emission on breakdown current (i.e., the number of carriers) and can probably give some explanations for the mechanism that light emission in avalanche breakdown of silicon p-n junction originates from Bremsstrahlung radiation.
The emitted power from this Si-PMOSFET LED was measured using a calibrated power meter positioned immediately above the device in order to collect most of the emitted light, although a great amount of output power is dissipated during the measurement because of the dispersion by À9 at Vg ¼ 42 V and the minimum of 6:230 Â 10 À9 at Vg ¼ 33:3 V. Undoubtedly, the actually total emitting power should be even much higher, and the internal efficiency should be several orders of magnitude higher than the external efficiency calculated above.
Discussion and Application
Vg can effectively adjust the carrier concentration and change the type of this PMOSFET's channel layer in order to control the current that flows from the Bn-sub[ to Bp þ S/D[ for the modulation of the optical intensity (or optical emission power). On the other hand, this modulation is unable to be achieved in the Si-diode LED, a two-terminal device without the insulated gate.
It has been discovered that the relationship between Vg and optical emission power is nonlinear, as shown in Fig. 6(a) , which implies that such nonlinearity may be used in the application of the characteristics of transfer from the input signals (electric or optical) to the output signal (optical or electric). For example, a small ac electric signal can be the input at gate terminal, and an optical signal can be the output through photonic emission from this PMOSFET device; the transfer function between the two signals is nonlinear. According to Fig. 6(b) , optical emission power is proportional to current. A larger current means more electron-hole pairs are generated in the Bp þ S/D[/Bn-sub[ depletion region due to impact ionization. By reviewing the origin of such photonic emission, the mechanism of which is Bremsstrahlung radiation, it could be explained as follows. The more electron-hole pairs generated due to avalanche breakdown, the higher possibility that carriers will collide with immobile charged centers to make kinetic energy loss and then emission of photons in the depletion region. As the collision process is random, photons with different, unpredictable, and uncertain energies will be emitted. That is why the emitting wavelength range is very broad in contrast to that of LED or LD realized by electron-hole recombination. Furthermore, it theoretically presents the reasonability of the fact that light intensity/power increases with increasing gate voltage Vg while Vsub is a constant, as shown in Figs. 3 and 6 . Moreover, it should be noted that, due to the BBV saturation induced deceleration of current increase[ presented in Fig. 3 and due to Bthe linearity between current and optical emission power[ presented in Fig. 6(b) , the increase in optical power in the range of 33.3 V 9 Vg and in the range of Vg 9 40 V is slower than that in the range of 33.3 V G Vg G 40 V. Such phenomenon is clearly demonstrated by Fig. 6(a) as well.
Conclusion and Outlook
In summary, a three-terminal Silicon-PMOSFET-like LED for optical intensity modulation has been discussed in detail based on the concepts of Bremsstrahlung radiation and the fundamentals of gate-controlled diode in the realm of photonics and the realm of electronics, respectively.
Finally, in addition to the modulation of optical intensity by varying insulated gate potential Vg, a key feature of the Si-PMOSFET LED is the ability to be manufactured using existing CMOS technology and be integrated with microelectronics on a single chip. Due to the very high flexibility of design, the low production cost at scale, and the monolithic integration with other components (i.e., waveguide and photodetector), this silicon light source is one of the best choices for being used as optocoupler [49] - [51] in modern electrooptical CMOS integrated circuits [52] . Furthermore, optical interconnect can overcome many bottlenecks [53] that cannot be solved by traditional electric interconnect by having many advantages [54] , [55] (e.g., extremely low resistance heating, extremely short RC delay, etc.). Future work may include how to improve the speed of modulation [56] as there are two limitations for such speed: one is that avalanche breakdown accompanying tunneling breakdown in this device is a fast process, and the other is that is the large area gate structure (for this device W =L ¼ 175:5 m=6 m) will limit the speed.
